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In the study, observational data analyses and the WRF-CHEM model simulations are used to investigate
the role of sea-land and mountain-valley breeze circulations in a severe air pollution event occurred in
Beijing-Tianjin-Hebei (BTH) during August 9e10, 2013. Both the wind observations and the model
simulations have clearly indicated the evolution of the sea-land and mountain-valley breeze circulations
during the event. The WRF-CHEM model generally reproduces the local meteorological circulations and
also performs well in simulating temporal variations and spatial distributions of ﬁne particulate matters
(PM2.5) and ozone (O3) concentrations compared to observations in BTH. The model results have shown
that the offshore land breeze transports the pollutants formed in Shandong province to the Bohai Gulf in
the morning, causing the formation of high O3 and PM2.5 concentrations over the gulf. The onshore sea
breeze not only causes the formation of a convergence zone to induce upward movement, mitigating the
surface pollution to some degree, also recirculates the pollutants over the gulf to deteriorate the air
quality in the coastal area. The upward valley breeze brings the pollutants in the urban area of Beijing to
the mountain area in the afternoon, and the downward mountain breeze transports the pollutants back
during nighttime. The intensity of the mountain-valley breeze circulation is weak compared to the land-
sea breeze circulation in BTH. It is worth noting that the local circulations play an important role when
the large-scale meteorological conditions are relatively weak.
© 2017 Elsevier Ltd. All rights reserved.1. Introduction
Since atmospheric pollutants have deleterious impacts on hu-
man health and the environment (e.g., Pope and Dockery, 2006; Tie
et al., 2009; Zhang et al., 2010a), air pollutions has become a serious
concern of the public in China along with the rapid industrializa-
tion and urbanization during recent 30 years (e.g., Chan and Yao,
2008; Fang et al., 2009). Beijing-Tianjin-Hebei (BTH) is one of the
most severely polluted areas in China, characterized by high levels
of ﬁne particulate matters (PM2.5), sulfur dioxide (SO2), and
recently increasing concentrations of ozone (O3) (e.g., Chan and
Yao, 2008; Wang et al., 2011; Feng et al., 2016; Wu et al., 2017; Li
et al., 2017a, b).
The high-pollution episodes are usually consequences of stronge by Eddy Y. Zeng.local emissions coupled with speciﬁc meteorological conditions.
When the emissions of pollutants remain invariable, the pollution
situations are mainly determined by the meteorological situations
and atmospheric physical and chemical processes (e.g., Bei et al.,
2008, 2010; Zhang et al., 2012). For example, Tie et al. (2015)
have clearly shown that the meteorological situations play an
important role in the aerosol pollution in BTH. The pollution situ-
ation is generally inﬂuenced by both large-scale and local meteo-
rological conditions. The large-scale synoptic pattern generally
steers the transport and dispersion of pollutants, providing favor-
able conditions for pollutants accumulation (e.g., Chan et al., 1998;
Wang et al., 1998; Chen et al., 2008; Zhang et al., 2012; Bei et al.,
2013, 2016a, 2016b). Although local meteorological conditions are
not continuously consistent with those at large scales, but still have
substantial impact on the air pollution events. Particularly when
the large-scale winds are weak, local circulations, such as land-sea
breeze or mountain-valley breeze, can become the predominant
factor in controlling the pollution situation (e.g., Liu and Chan,
2002; Ding et al., 2004; Banta et al., 2005; Bao et al., 2005; Fan
Fig. 1. (a) Map showing the location of Beijing-Tianjin-Hebei-Shandong in China and
(b) WRF-CHEM model simulation domain with topography. In (b), the red ﬁlled circles
represent centers of cities with ambient monitoring sites and the size of the circle
denotes the number of ambient monitoring sites of cities. The blue ﬁlled triangle and
square are the observation sites with wind proﬁlers at Haidian in Beijing and at Baodi
in Tianjin, respectively. The black cross line is the position of the cross-section shown
in Fig. 7. BJ: Beijing, TJ: Tianjin, HB: Hebei, and SD: Shandong. (For interpretation of the
references to colour in this ﬁgure legend, the reader is referred to the web version of
this article.)
N. Bei et al. / Environmental Pollution 234 (2018) 429e438430et al., 2006; Zhang et al., 2007). In addition, the impact of moun-
tains on meteorological ﬁelds has also been found to contribute
substantially to the air pollution in the Guanzhong Basin (Zhao
et al., 2015) and BTH (Long et al., 2016).
Great efforts have been made to explore the role of meteoro-
logical conditions and emission reductions in the air quality im-
provements in Beijing during the 29th Summer Olympic Games in
2008. During the 2008 Olympics period, Beijing government has
implemented aggressive control strategies to decrease pollutants
emissions (Parrish and Zhu, 2009), providing favorable circum-
stance for improvement of the air quality in Beijing. Wang et al.
(2009) have found that the decreased O3 concentration at a Bei-
jing rural site during the 2008 Olympics period is caused by the
favorable meteorological condition compared to the same period in
2006 and 2007. Zhang et al. (2009) andWang et al. (2010) have both
shown that the favorable weather conditions (such as prolonged
rainfall and decreased temperature) play a key role in decreasing
the level of pollutants during the 2008 Olympics period. Zhang
et al. (2010b) have clariﬁed that the atmospheric visibility im-
provements during the 2008 Olympics period are mostly caused by
the decrease of the atmospheric relative humidity compared to the
same period in the previous 5 years. Gao et al. (2011) have further
veriﬁed that meteorological conditions are as important as emis-
sion mitigations in reducing PM2.5 concentrations in Beijing during
the 2008 Olympics period using a coupled meteorology-chemistry
model. Zhang et al. (2012) have investigated the connection be-
tween the surface circulation pattern and the air quality in BTH
using an objective classiﬁcation procedure (Philipp et al., 2010).
Synoptic-scale circulations have been shown to be the main drivers
of day-to-day variations in pollutant concentrations over BTH, with
critical differences in the local meteorology and footprints of 48-h
backward trajectories among various circulation types during the
emission control period (Zhang et al., 2012).
Local meteorological conditions in BTH involve interactions
between sea-land and mountain-valley breeze circulations, which
are driven by the local temperature contrast and the large-scale
ﬂows. Miao et al. (2015) have emphasized that the intensity of
the land-sea and mountain-valley breeze circulations play an
important role in the vertical transport and distribution of pollut-
ants in BTH. The impact of the sea-land breeze circulation on
pollution episodes has also been examined in coastal areas, such as
Houston, Hong Kong, and the Pearl River Delta of China (e.g., Banta
et al., 2005; Zhang et al., 2007; Liu and Chan, 2002; Ding et al.,
2004).
In the present study, the contributions of local circulations
(including sea-land breeze and mountain-valley breeze) to a heavy
air pollution event occurred in BTH are investigated using the
observational analyses and numerical simulations with a coupled
meteorology-chemistry model. The data, model, and methodology
used in this study are introduced in Section 2. The analyses on
synoptic and local meteorological conditions during the episode
and model simulations are shown in Section 3. Section 4 includes
summary and discussions.
2. Data and model conﬁgurations
A three-day episode from 9 to 11 August 2013 is selected in the
study, representing a heavy air pollution event in BTH with high
levels of O3 and PM2.5 concentrations. The observed daily average
PM2.5 concentration in BTH is 102.4 mg m3 during the episode, and
the average O3 concentration in the afternoon is 161.6 mg m3. The
National Centers for Environmental Prediction (NCEP) ﬁnal opera-
tional global gridded analysis (FNL) (1  1) has been used to
analyze the large-scale synoptic meteorological conditions over
BTH during the episode. The surface hourly automatic observationsin BTH have been used to demonstrate the evolutions of mountain-
valley and sea-land breeze circulations. Observations from two
radar wind proﬁlers in BTH have also been employed to verify the
mountain-valley and sea-land breeze circulations in the vertical
direction (Fig. 1b). Since January 2013, the China's Ministry of
Environmental Protection (China MEP) has commenced to release
the real-time hourly concentrations of O3 and PM2.5 at 79 moni-
toring sites in 13 cities of BTH, which are used to validate the model
results during the episode.
The WRF-CHEMmodel has been applied to further simulate the
three-day severe air pollution episode in BTH. A speciﬁc version of
the WRF-CHEM model, based on the previous studies (Grell et al.,
2005; Fast et al., 2006), is utilized in the study, which is devel-
oped by Li et al. (2010). Further model description can be found in
Supplementary Information (SI). Detailed model conﬁgurations are
given in Table 1.
Table 1
WRF-CHEM model conﬁgurations.
Simulation Regions Beijing-Tianjin-Hebei-Shandong
Simulation period August 9 to 11, 2013
Domain size 300  300
Domain center 39N, 117E
Horizontal resolution 3 km  3 km
Vertical resolution 35 vertical levels with a stretched vertical grid
with spacing ranging
from 30 m near the surface, to 500 m at 2.5 km
and 1 km above 14 km
Microphysics scheme WSM 6-class graupel scheme (Hong and Lim,
2006)
Cumulus scheme Grell-Devenyi ensemble scheme (Grell and
Devenyi, 2002)
Boundary layer scheme MYJ TKE scheme (Janjic, 2002)
Surface layer scheme MYJ surface scheme (Janjic, 2002)
Land-surface scheme Uniﬁed Noah land-surface model (Chen and
Dudhia, 2001)
Longwave radiation scheme Goddard longwave scheme (Chou and Suarez,
2001)
Shortwave radiation scheme Goddard shortwave scheme (Chou and Suarez,
1999)
Meteorological boundary and
initial conditions
NCEP 1  1 reanalysis data
Chemical initial and boundary
conditions
MOZART 6-h output (Horowitz et al., 2003)
Anthropogenic emission
inventory
SAPRC-99 chemical mechanism emissions
(Zhang et al., 2009)
Biogenic emission inventory MEGAN model developed by Guenther et al.
(2006)
Model spin-up time 28 h
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3.1. Synoptic meteorological conditions and the observed local
circulations
Using the NCEP-FNL reanalysis data (1  1), the large-scale
meteorological conditions are analyzed at the surface, 850 hPa,
and 500 hPa over BTH during the period from 9 to 11 August 2013.
At the surface, BTH is situated at the northeast of a high pressure
center, with the prevailing south wind (Figure not shown). At
850 hPa, BTH is located at a transition zone between the subtropical
high in the southeast and a low in the northeast (Figs. S1a and S1b),
indicating that this area is under the control of the relatively weak
northwesterly ﬂow on August 9 and southwesterly ﬂow on August
10. The synoptic situations at 500 hPa during the two days are
similar to those at 850 hPa, with a weak westerly ﬂow over BTH
(Figs. S1d and S1e). Besides, from August 9 to 10, the low located at
the northeast of BTH over 850 hPa moves toward the east, with the
decreasing intensity. While the high located at the south at 850 hPa
moves toward the northwest, with the increasing intensity. The
above analysis shows the relatively weak large-scale ﬂow charac-
teristics at the upper level over BTH on these two days, which are
favorable for the development of the local circulations. On August
11 (Figs. S1c and S1f), BTH is located at the front of a trough both at
850 hPa and 500 hPa, with the consistent southerly wind, indi-
cating the intensiﬁcation of the air exchange between the low and
high latitude regions and further facilitating the dispersion of air
pollutants. Therefore, the local circulations occurred on August 9
and 10 are emphasized in the following discussions.
Fig. S2 presents the observed and calculated surface winds in
BTH every 3 h on August 09, 2013. In general, the WRF-CHEM
model performs reasonably well in simulating the surface winds
compared to observations. The evolution of the sea-land breeze
circulation is clearly exhibited along the Bohai Gulf. From the mid-
night to early morning (Fig. S2a-c, 00:00e06:00 BJT), the westerlyoffshore ﬂow is evident along the Bohai Gulf. From 06:00 to 09:00
BJT, the westerly offshore ﬂow tends to decrease. Until the noon
(12:00 BJT), the onshore southeasterly wind commences to appear
along the coastline (Fig. S2e). From the noon to the late night
(Fig. S2e-h, 12:00e21:00 BJT), the southeasterly onshore ﬂow is
prevailing along Bohai Gulf. To the mid-night (Fig. S3a, 00:00 BJT),
the westerly offshore occurs near the coastline again. However, in
overall, the observed and simulated sea-land breeze circulation is
relatively weak on August 9. From the mid-night to the early
morning on August 10 (Figs. S3a and S3b), the westerly offshore
ﬂow becomes dominant along the Bohai Gulf and gradually decays
from 06:00 to 09:00 BJT (Figs. S3c and S3d). In the afternoon
(Fig. S3e-g, 12:00e18:00 BJT), the onshore southeasterly wind
starts to develop and become prevailing along the coastline. In the
evening (Fig. S3g and S3h, 18:00e21:00 BJT), the onshore sea
breeze further intrudes the land and eventually impacts Beijing
(Fig. S3h). The sea-land breeze circulations on August 9 and 10 are
generally similar, but the sea-land breeze circulation on August 10
is intensiﬁed compared to that on August 9. Fig. 2 shows the
simulated and observed wind hodographs at two surface sites
along the coastline of the Bohai Gulf on August 10, 2013. The WRF-
CHEM model reasonably simulates the observed diurnal cycle at
the two sites, but the simulated winds are stronger and smoother
than the observations. The overestimation of the sea breeze by the
model might be caused by the bias in the PBL parameterization
(Zhang et al., 2007).
In addition, the mountain-valley circulations are also evident in
Beijing. For example, from 00:00 to 09:00 BJT on August 9
(Figs. S2aed), Beijing is inﬂuenced by relatively strong westerly
wind down from Taihang Mountains and northerly wind down
from Yanshan Mountains (mountain breeze). After 09:00 BJT, the
mountain breeze starts to decrease while the valley breeze
(southerly or easterly wind) increases with themaximumoccurring
around 15:00 BJT. Then, the southerlywind gradually decreases and
the mountain breeze (westerly or northerly wind) dominates again
in Beijing. The mountain-valley breeze on August 10 is relatively
weak compared to that on August 9.
The mountain-valley breeze circulation has also been clearly
observed by the evolution of the vertical proﬁles of the hourly
horizontal winds provided by the radar wind proﬁler at Haidian in
Beijing on August 9 and 10 (Fig. 3a and b). Strong wind shift has
occurred around the time of 10:00e12:00 BJT on August 9 and
11:00e13:00 BJT on August 10. On August 9, the dominant wind at
Haidian is northerly wind before 10:00 BJT and turns into southerly
wind after 11:00 BJT. On August 10, the prevailing wind is north-
easterly before 12:00 BJT and shifts to southerly wind after 12:00
BJT. Additionally, the wind speed around the transition time
(11:00e13:00 BJT) is substantially decreased, facilitating the accu-
mulation of air pollutants and contributing to the high pollutants
level in the afternoon. Pollutants formed in the afternoon are
transported by the valley breeze from the urban to the mountain
area, serving as a pollutant reservoir to elevate the background
pollutants level in the morning when delivered back to the urban
area by the mountain breeze.
Fig. 3c and d shows the evolution of the vertical proﬁles of the
hourly horizontal winds observed by the radar wind proﬁler at
Baodi in Tianjin on August 9 and 10. On August 9, there is a clear
wind shift from the northwest to southwest during 11:00e14:00
BJT, showing the impact of the land-sea breeze. During the transi-
tion period, the wind speed decreases considerably. On August 10,
between 08:00e11:00 BJT, the horizontal winds become weak and
disordered. After 12:00 BJT, the sea breeze commences to develop
and intensify, with thewind direction changing from southwesterly
to southeasterly. It is worth noting that the difference in the
simulated and observed wind direction is noticeable on August 9
Fig. 2. The simulated (blue dashed line) and observed (blue solid line) wind hodographs at the sites located at (a) 117.71E, 38.46N and (b) 118.05E, 38.04N on August 10, 2013.
(For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)
Fig. 3. Temporal variations of simulated (black arrows) and wind proﬁler observed (red arrows) horizontal winds at Haidian in Beijing on August (a) 9 and (b) 10, 2013 and at Baodi
in Tianjin on August (c) 9 and (d) 10, 2013. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)
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lations might constitute the main reason for the discrepancy.
Furthermore, although the experience with land-sea breeze simu-
lations has extended over many decades, it is still difﬁcult for cur-
rent numerical weather prediction models, even in research mode,
to reproduce the location, timing, depth, and intensity of sea-
breeze front (Banta et al., 2005). Generally, the model reasonable
reproduces the sea breeze formation compared to the observation.3.2. Impacts of the local circulations on the air pollution
Fig. 4 presents the diurnal proﬁles of observed and simulated
near-surface PM2.5, O3, NO2, and CO concentrations averaged over
monitoring stations in BTH from 9 to 11 August 2013. Themean bias
(MB), the root mean square error (RMSE), and the index of agree-
ment (IOA) are used to evaluate the WRF-CHEMmodel simulations
of the air pollutants.
MB ¼ 1
N
XN
i¼1
ðPi  OiÞ (1)Fig. 4. Comparison of measured (black dots) and predicted (blue line) diurnal proﬁles of ne
ambient monitoring stations in BTH from 9 to 11 August 2013. (For interpretation of the ref
article.)RMSE ¼
"
1
N
XN
i¼1
ðPi  OiÞ2
#1
2
(2)
IOA ¼ 1
PN
i¼1ðPi  OiÞ2PN
i¼1
Pi  Oþ Oi  O2
(3)
where Pi and Oi are the simulated and observed variables, respec-
tively. N is the total number of the predictions used for compari-
sons, and O denotes the average of the observation. IOA ranges from
0 to 1, with 1 indicating perfect agreement between model and
observation.
TheWRF-CHEMmodel performs reasonablywell in reproducing
the PM2.5 variations compared to observations in BTH. The MB and
RMSE are 1.9 mg m3 and 24.1 mg m3, respectively, and the IOA is
0.85. The model well predicts the temporal variations of O3 con-
centrations, with an IOA of 0.96. On August 9, the model consid-
erably underestimates the O3 concentrations in the afternoon, but
the agreement between modeled and observed O3 is better than
that for PM2.5 and NO2. The model also reasonably produces the
NO2 diurnal variations, but is subject to overestimate the NO2
concentrations during nighttime, which might be due to the biasedar-surface hourly (a) PM2.5, (b) O3, (c) NO2, and (d) CO concentrations averaged over all
erences to colour in this ﬁgure legend, the reader is referred to the web version of this
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emissions. In addition, the nighttime CO overestimation is not as
substantial as those of NO2, showing that the complex NOx chem-
istry or uncertainties of NOx emissions might constitutes the main
reason for the nighttime NO2 overestimation, considering that CO is
generally regarded as a tracer. Figs. S4 and S5 provide the diurnal
proﬁles of observed and simulated near-surface PM2.5, O3, NO2, and
CO concentrations from 9 to 11 August 2013 at twomonitoring sites
in Beijing and Tianjin, respectively. The observed NO2 and CO
ﬂuctuate considerably during the episode, and frequently reach
their peaks during nighttime or in the early morning, which is
partially caused by the low PBL height. In general, the model
reasonably yields the observed variations of the pollutants, but the
model biases are rather large, particularly for the NO2 simulations.
The evolution of the simulated and observed surface O3 distri-
butions during the episode along with the simulated surface wind
ﬁelds is presented in Fig. 5. The simulated variations of the O3
spatial patterns are generally in good agreement with the obser-
vations at the ambient monitoring sites in BTH. On August 9
(Fig. 5a), during the nighttime (02:00 BJT), the simulated O3 con-
centration over the land is low because of titration from NOxFig. 5. Pattern comparison of simulated vs. observed near-surface O3 concentrations at (a) 02
on August 10, 2013. Colored circles: O3 observations; color contour: O3 simulations; black a
ﬁgure legend, the reader is referred to the web version of this article.)emissions and the inactive photochemical process due to lack of
sunlight. The maximum O3 level is located over the Bohai Gulf,
which is caused by the high O3 formation during daytime over the
gulf from O3 precursors transported from the land by the offshore
sea breeze and lack of NOx emissions. At 12:00 BJT, the wind along
the coastline becomes nearly calm or weak, which is favorable for
the accumulations of the pollutant emissions. In the afternoon
(Fig. 5c), the onshore sea breeze starts to develop, which can convey
the high O3 formed over the gulf to the land. Additionally, the sea
breeze causes the formation of a convergence zone along the
seaside, on one hand possibly facilitating the pollutant accumula-
tion to result in the severe air pollution, on the other hand inducing
convections to loft pollutants outside of PBL to decrease the pol-
lutants level. Along with the increase of the onshore sea breeze, the
maximum O3 concentration generally occurs around 14:00e15:00
BJT in BTH. In the evening, the offshore breeze becomes dominant
wind, delivering the pollutants to the Bohai Gulf again. The O3
evolution pattern on August 10 is similar to that on August 9 except
that the O3 concentration on August 10 is higher, showing the
accumulation effect contributed by the local circulations.
Fig. 6 shows the spatial distributions of the simulated and:00, (b) 12:00, and (c) 16:00 BJT on August 9, and (d) 02:00, (e) 12:00, and (f) 16:00 BJT
rrows: simulated surface winds. (For interpretation of the references to colour in this
N. Bei et al. / Environmental Pollution 234 (2018) 429e438 435observed PM2.5 mass concentrations during the episode along with
the simulated surface winds. The simulated PM2.5 spatial patterns
are generally consistent well with the observations at the ambient
monitoring sites in BTH, but the biases of PM2.5 simulations during
nighttime are still considerably large. In the early morning on
August 9, due to the accumulated emissions and residual pollutants
from the previous day as well as the low PBL height, the PM2.5
concentrations are high in the plain area of BTH. The offshore land
breeze also gradually develops and transports the pollutants
formed in Shandong province to the Bohai Gulf. In the afternoon,
the PM2.5 level in BTH is decreased caused by the enhanced vertical
dispersion due to the PBL development. However, the PM2.5 level
over the gulf is still high because of the low PBL height and the
formed high O3 concentrations enhancing the formation of sec-
ondary aerosols. The increasing onshore breeze transports the
PM2.5 over the gulf to the land area, contributing the PM2.5 to
Tianjin and other cities in the coastal area in the afternoon and
evening. In the early morning on August 10, the development of the
offshore sea breeze brings pollutants in Shandong province to the
gulf again. In the afternoon and evening, the PM2.5 over the gulf are
delivered to Tianjin by the onshore sea breeze and even affect the
air quality in Beijing.
Fig. 7 depicts the cross-sections of the simulated wind vectors,Fig. 6. Same as Fig. 5PM2.5 concentrations, and the PBL height on August 9 and 10 along
the cross line indicated in Fig. 1b, which is almost perpendicular to
the coastline of the Bohai Gulf. In themorning on August 9, at 08:00
BJT (Fig. 7a), the PBL height is low both over the land (several
hundred meters) and sea (around one hundred meters), leading to
the relatively high pollutants level in the low level atmosphere. The
offshore land breeze near the coastline and the downward moun-
tain breeze close to the mountain area are both clear in the vertical
layer of near 300e400 m. In the afternoon, at 16:00 BJT (Fig. 7b),
the PBL height is substantially increased, with the maximum of
around 2.0 km over the land, and the surface level PM2.5 concen-
trations are decreased due to efﬁcient dispersion of pollutants in
the PBL. The strong onshore sea breeze causes the formation of a
convergence zone near the coastline, inducing the upward move-
ment to transport the PM2.5 to the high level atmosphere. The
valley breeze also delivers the PM2.5 to the mountain area. At 21:00
BJT (Fig. 7c), due to cooling of the mountain areas, the downward
mountain breeze transports the PM2.5 toward the gulf, and the
convergence zone is formed when the onshore sea breeze meets
the mountain breeze, facilitating the PM2.5 to disperse in the ver-
tical direction. The cross-sections on August 10 are generally similar
to that on August 9, but the offshore land breeze and the upward
valley breeze in the morning are stronger than that on August 9., but for PM2.5.
N. Bei et al. / Environmental Pollution 234 (2018) 429e438436Apparently, more pollutants are transported to the mountain area
by the valley breeze on August 10. In addition, the onshore sea
breeze in the afternoon and evening is also intensiﬁed on August 10
compared to August 9, even intruding to the foothill of the
mountains, but the downward mountain breeze is weak, causing
the higher PM2.5 level in Beijing.4. Summary and discussions
In the present study, observational analyses and numericalFig. 7. Vertical distributions of PM2.5 concentrations along the cross line in Fig. 1 at (a) 08:00
BJT on August 10, 2013. Color contour: PM2.5 simulations; black arrows: simulated winds; bl
the reader is referred to the web version of this article.)model simulations are utilized to investigate the impact of sea-land
breeze and mountain valley breeze circulations on a high-pollution
event occurred in BTH during August 9e11, 2013. The analysis of the
large-scalemeteorological conditions over BTH has shown that BTH
is inﬂuenced by the subtropical high in the southeast and the low in
the northeast at 850 hPa on August 9 and 10, indicating that BTH is
under the control of the relatively weak westerly ﬂow on these two
days. The surfacewind observations alongwith simulations and the
measurements of two radar wind proﬁlers in BTH have also clearly
demonstrated the development of the local circulations during, (b) 16:00, and (c) 21:00 BJT on August 9, 2013, and (d) 08:00, (e) 16:00, and (f) 21:00
ue line: PBL height. (For interpretation of the references to colour in this ﬁgure legend,
N. Bei et al. / Environmental Pollution 234 (2018) 429e438 437these two days, including themountain-valley breeze circulation in
Beijing and the sea-land breeze circulation along the coast area of
the Bohai Gulf. The development of the local circulations not only
facilitates the accumulation of pollutants to deteriorate the air
quality during the wind transition, also causes the formation of a
convergence zone to induce upward movement, mitigating the
surface pollution to some degree.
The WRF-CHEM model generally performs well in simulating
the observed pollution event. The model reasonably well re-
produces the evolution of the observed surface winds. The pre-
dicted temporal variations and spatial distributions of PM2.5 and O3
concentrations are in good agreement with observations in BTH.
The model has also successfully simulated the development of the
mountain-valley breeze circulation in Beijing and the sea-land
breeze circulation along the coastal area of the Bohai Gulf. The
upward valley breeze and the offshore land breeze prevail in the
morning while the downward mountain breeze and the onshore
sea breeze start to take over in the afternoon.
In the morning, the offshore land breeze transports the pollut-
ants formed in Shandong province to the Bohai Gulf and high O3
and PM2.5 concentrations are formed over the gulf due to accu-
mulation of their precursors in case of the low PBL height. In the
afternoon and evening, the onshore sea breeze delivers the pol-
lutants to the coastal area, where the air quality is generally dete-
riorated when the sea breeze front passes over. The intensiﬁed sea
breeze even transports the pollutants to affect the air quality in
Beijing. The upward valley breeze brings the pollutants in the urban
area of Beijing to the mountain area in the afternoon, and the
downward mountain breeze transports the pollutants back. How-
ever, compared to the land-sea breeze circulation, the intensity of
the mountain-valley breeze circulation is weak.
In general, the pollution event occurred during August 9e10 is
the combination result of the local emission and themeteorological
conditions at both large and local scales. The local circulations
usually play an important role when the large-scale meteorological
conditions are relatively weak.
It is worth noting that the most severe air pollution events
generally occur during wintertime in BTHwhen the southerly wind
is prevalent. The downward mountain breeze is subject to alleviate
the air pollution in the foothills of Taihang Mountains and the
Yanshan Mountains to some degree.
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